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A study of stationary slugs was conducted in a 2.0625 
inch plexiglas pipe which could be sloped to 10^ from the 
horizontal. The stationary slug Is modeled with a hydraulic 
jump for the head and an inviscid approach for the sloping 
tail, High speed motion picture films were taken of the head 
and the tail of the slug,
Two necessary conditions for the existence of a slug 
exist. A critical Froude number must be reached for the jump 
to bridge the pipe diameter for a certain liquid height, and 
a minimum liquid carpet height is required to sustain stable 
slugs. The data presented for the flow loop agree very well 
with these criteria.
The bubble movements in the head of the slug consist of 
several circulating patterns. It is these patterns that 
produce the tumbling of the air-water interface, which then 
entrains the air. Most of the bubbles in the head are 
recirculated, with only a small portion flowing downstream. 
The air is removed from the tail of the slug when the bubbles 
coalesce at the top of the pipe and break the tall air-water 
interface. Some air bubbles penetrate this interface at 
Intermediate points along the tail, and release the air 
contained within them to the gas phase. The bubble size 
varies with their position in the slug and the intensity of 
the hydraulic jump. Larger bubbles are found downstream and 
away from the jet in the hydraulic jump.
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I. I N T R O D U C T I O N
Two phase gas-llquld flows occur in many places in 
the chemical and petroleum industry. Some examples 
include oil and gas transport, chemical reactors, 
boilers and condensers, and other process equipment. 
Different types of interfacial configurations, called 
flow regimes exist. These Include the wavy, stratified, 
annular, plug, slug, and dispersed regimes. This study 
concentrates only on the slug flow regime of two phase 
flow.
Slug flow occurs when a disturbance at the gas- 
liquid interface grows rapidly and fills the entire 
cross section of the pipe. The slug then flows down the 
pipe at roughly the gas velocity. These flows are of 
concern to the process industry because slugging can 
cause large oscillations in flow rate and pressure, 
which can lead to severe damage to equipment. Extremely 
large slug catchers are required at the end of oil and 
gas p i p e l i n e s to d i s s i p a t e slugs f o r m e d during 
transport. It is therefore necessary to study and 
understand the nature of slug formation.
The purpose of this work was to study a stationary
slug and determine the mechanism by which air is
e n t r a i n e d in the slug. Also of inte rest is the
determination of the bubble path from the front of the
1
2slug to the tail region, where the bubbles are released. 
Yet a third focus was to determine the rate of aeration, 
and to correlate this rate with the other flow variables 
characterizing the slug.
In order to determine the aeration mechanism, the 
technique of high speed photography was employed to 
capture the aeration on film for subsequent study. The 
developed films were closely examined, frame by frame, 
and the bubble size and patterns carefully observed and 
noted.
The aeration rate data was acquired by measuring 
the amount of air the stationary slug entrained. This 
p r o c e d u r e was rep e a t e d for a v a r i e t y of slug 
intensities. The results obtained are applicable to the 
fast moving slugs found in industry, by a change of
reference f r a m e .
II. B A C K G R O U N D  AND THEO R Y
The physical model of a slug is shown in Figure 
2,1, Slugs are modeled with a hydraulic jump at the 
head and an inviscid tail at the rear of the slug. The 
intensity of the slug is determined by the nature of the 
approaching flow. The Froude number is a dimensionless 
variable that describes slug flow, just as the Reynolds 
number describes laminar and turbulent flow.
The Froude number (Fr) is defined as the ratio of 
the inertia of the flow to the gravitational forces. Two 
different Froude numbers a r * referred to in this theses 
and throughout the literature. One of these is
Fri - \ x\ /(gye ) • 5 (l)
where u^ is the average velocity of the liquid carpet 
preceding the hydraulic jump, and ye is the effective 
height of the liquid layer before the jump. The 
geometric parameters required to calculate the effective 
height are shown in Figure 2.2 This Figure is an ideal 
representation of the cross section of a pipe with inner 
diameter, D, and liquid height, h. Both of these 
quantities are measured. The second Froude number is 
given as
3
4FIGURE 2.1 PHYSICAL MODEL OF A
SLUG .
5O  = a c o s ( 2 £  - 1 )
D
A = ( rr -© + l s i n  2©)R2 
W= 2Rsin©
Ye = A/W
FIGURE 2,2 GEOMETRIC PARAMETERS.
6Fro - u i / ( g D ) •5 (2)
where D is the inner diameter of the pipe.
The intensities of free hydraulic jumps have been 
characterized into 5 main types. The following is a 
description given by Whitaker(1968) of each t y p e :
1. Frj^ ■ 1 to 3 Undular Jump
Steady waves are formed and the surface is 
s m o o t h .
2. Frj^ - 3 to 6 Weak Jump
Rollers develop on surface of the jump, but 
the downstream surface remains smooth.
3. F r - 6 to 21 Oscillating Jump
The high-speed flow entering the Jump forms 
an unsteady jet producing large waves of 
irregular period.
4. F r ^  - 21 to 80 Steady Jump
The action of the Jump is well-balanced and 
the action and position are least sensitive 
to the downstream depth. The energy 
dissipation ranges from 45 to 70 per cent.
5. F r ^  > 80 Strong Jump
The jump action is rough and energy 
dissipation may be as high as 85 per cent.
7Host free hydraulic jumps studied fall in the range 
between a weak and a steady Jump.
The first work on hydraulic jumps that fill the 
whole cross section of a pipe was by Kalinske and 
Robertson (1943). The general problem treated in their 
paper was the study of entrainment of air by a hydraulic 
jump, in reference to the removal of air pockets from 
water supply lines. They acquired aeration rate data for 
a variety of flow parameters and for pipe inclinations 
ranging from horizontal to a slope of 30%. They found 
the aeration to be Independent of pipe inclination. In 
. di t i o n , they correlated the aeration rate with the 
Froude number of the incoming flow, with very successful 
results. H o w ever, they did not i n v e s t i g a t e  the
hydrodynamics of the slug flow regime.
Much recent work has been done on establishing 
necessary conditions fur the existence of stable
slugs( Ruder 1988). This work modeled the head of the 
slug as a hydraulic jump. Applying a mass and momentum 
balance to the hydraulic Jump resulted in a definition 
of a necessary condition for the existence of a stable 
slug. The results are given in Figure 2.3 These
results state that in order for a stable slug to exist
in a circular pipe, the Froude number based on the pipe 
diameter must be greater than or equal to the number 
given in Table 2.1, for a given h/D.
8h/D I u / ( g D ) \ 5
0 . 1
0,9459
0.2
0.9200
0. 3
0.9090
0.4
0.9108
0.5
0.9213
0.6
0.9440
0.7 0.9937
0.8
1.0778
0.85
1 .1444
0.89
1.2106
TABLE 2.1 CONDITION FOR THE EXISTENCE OF A SLUG
9Another necessary condition resulted from modeling 
the rear of a slug as steady state inviscid flow. This 
condition states that for a stable slug to exist in a 
circular pipe, the film thickness in front of the slug 
must be given by
FrD*(4A!/nD2 ) - 0 . 5 4 2 (3)
where A] is the cross-sectional area of the liquid 
preceeding the slug, as defined by Figure 2.2 . These
necessary conditions agree well with the experimental 
data acquired in industrial pipelines and will be 
compared later in this paper with experimental data for 
s tat ionary s l u g s .
III. A P P A R A T U S
The study of the slug and hydraulic jump was done 
in the 2.0625 inch inner diameter plexiglas flow loop 
shown in Figure 3.1. Water entered the flow loop at
point A through a 1.25 inch inner diameter flexible 
vinyl hose. The water then passed through a series of
expanders until the inner diameter of the expander
equaled the inner diameter of the flow loop. Next, the 
water flowed into the 4 foot entrance region, designed 
to dissipate any of the inlet disturbances. At point B 
of Figure 3.1, the end of the entrance region, the water 
flowed past the sliding gate shown in Figure 3.2. The 
sliding gate could be adjusted from a maximum h/D of 1. 
to a minimum h/D of .1212 The sliding gate was made 
out of brass to prevent corrosion.
The test section was located immediately following 
the sliding gate. It was composed of two five foot 
sections joined together. At the end of the test 
section, point C of Figure 3.1, a 2 foot stainless steel 
flexible hose of 2 inch inner diameter was Installed in 
the loop to permit inclinations of up to 10 degrees from 
the horizontal. The water leaving the flexible hose 
emptied into a 4 foot high by 1 foot in diameter
plexiglas holding tank. The water In the holding tank 
was recycled through 1.5 inch PVC pipe using a 1.5
10
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FIGURE 3.2 SLIDING GATE
horsepower gear pump. The water flow rate was measured 
with a hank of two rotameters in parallel. The water
t h e n re e n t e re d t h e ent r a nee r e g ion, t h u s c o m p 1e t in g t h e 
i o o p .
Air w a s s u p plied to t h e si u g a t a t: m o s p h < r i c 
pressure through a .25 inch tap in the flange in which 
the 1 i d i n g gate was installed, point B in Figure i . 2
Air w a s a 1 s o f e d into t h e h o 1 d i n g t a rt k t h r o u g h a , > in c h
tap in the wall of the tank to provide* a method of
downstream pressure control. This device is shown in 
Figure 3.3 The air flowing into the holding tank could 
leave the tank through a tap in the top of the tank. A 
hose connected this tap to another tube that was 
partially submerged in tank B. The amount that the tube 
was submerged in tank B was accurately adjusted with a 
very fine worm gear. In order for air to flow out the 
tube bottom, the pressure in the tube had to equal that 
pressure corresponding to a head of water, h above the 
tube. Therefore, as the air was fed into the holding 
tank, the pressure in the tank increased until it 
equaled the pressure corresponding to the head of water. 
At this time, the rate of air fed into the tank equaled 
the rate at which air bubbled out the tube bottom, and 
the pressure in the holding tank was constant. The 
pressure in the holding tank could be measured with an 
open end manometer using water as the fluid. This
1 A
FIGURE 3.3 PRESSURE CONTROL
DEVICE
manometer was connected to the holding tank at a point 
below the water surface.
The photographic equipment utilized in this study 
is pictured in Figure 3.4 The two basic components 
used are the high-speed camera and the "Goose" Control 
Unit. The camera is a 16mm Fastax Camera, designed to 
record the motion of high-speed events ordinarily 
invisible. The Control Unit supplies the camera with 
power and can be synchronized with the event being 
p h o t o g r a p h e d .  The camera was manufactured by the 
Wollensak Company and the Control Unit by the Industrial 
Timer Company for Wollensak.
The F a s t a x  Camera c o n s i s t s  of 6 int e r i o r  
components, essential to the operation of the camera. 
These components are depicted in Figure 3.5. The 
principle part is the drive assembly, which includes the 
drive sprocket and the rotating prism. A hold-down 
roller ensures proper contact between the drive sprocket 
and the film, thus preventing film slippage. A film 
stripper removes the film from the drive sprocket. The 
film is then wound on a take-up spool. The camera is 
equipped with an automatic shut-off switch that turns 
the camera motors off when all the film has been 
exposed. This prevents any unnecessary ware on the 
camera motors and gears.
The rotating prism replaces the shutter present in
13
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conventional cameras. A mechanical shutter would be 
Impractical for speeds in excess of 1000 pictures per 
second. The operation of prism is shown schematically in 
figure 3.6 The prism is directl* geared to the drive 
sprocket. The image formed by the lens at the film plane 
is moved in synchronism with the film on the drive 
sprocket. Thus an image is formed on the film when the 
rotating prism is aligned such that all the light 
passing through the aperture plates reaches the film 
plane and exposes the film.
The "Goose" Control Unit offers several advantages 
over normal A - C power. The Control Unit provides the 
high voltages required for high-speed photography. In 
addition, the output voltage from the Control Unit can 
be varied from 0 to 280 volts AC. However, the most 
important feature of the power unit is its ability to 
accelerate the camera motors to the required speed much 
more quickly than line voltage.
OPERATION O f ROTATING PRISM
LENS APCftTURf 
PLATE
LENS
FILM APERTURE 
PLATE
t— I UNEXPOSEO FRAME
S  PORTION or LIOHT RAYS
G S S  LIOHT TRANSMITTED THRU PRISM 
8 0  EXPOSCO FRAME
T  INTERVAL BETWEEN FRAMES CYCLE REFERENCE ON PRISM **------ CYCLE REFERENCE ON FILM
FIGURE 3.6
IV.  PROCEDURE
The stationary slugs analysed in this study were* 
artificially created using a sliding gate. This m e t h o d  
of slug formation consists of h nece ssa ry s t v p s . The 
first step requires the adjustment of the gate height . 
This adjustment is completely independent from the other 
flow variables. The gate height is direct ly proportional 
to the height of the liquid carpet preceding the s l u g  
The limits of the gate height are a minimum h/D of .121? 
to a maximum h/D of 1. The height of the liquid carpet 
was calculated by first measuring the amount the gate 
extends from the top of the flange, in which it is
mounted. The total length of the gat e (7" ) and t he
distance from the top of the flange to the inner
diameter of the p ipe(2.44M) are known. Therefore, a 
liquid height was calculated by (1)
h - gate height - 2.5" (1)
The second step of the procedure actually produced 
the hydraulic jump. Water was surged past the gate in 
order to bridge the pipe diameter and form a hydraulic 
jump. This surge of water was produced by either of two 
methods. With the first method, a valve was quickly 
opened to allow a rapid increase in the water flow rate.
20
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The second method utilized the flexible hose connecting 
the rotameters to the flow loop. A quick squeeze of the 
hose produced a sufficient surge of water to bridge the 
pipe diameter. The advantage of this method Is that none 
of the flow variables are changed in the process of jump 
formation. However, if the Froude number of the jump to 
he formed is near the minimum for that h / 1), me t hod on e 
proves to be superior.
The third step in jump formation involved the 
adjustment of the intensity of the jump, Froude number. 
The intensity was varied by changing either of two flow 
variables, the liquid carpet height and the liquid flow 
rate. However, the liquid carpet height was specified in 
the first step of the procedure, and thus the flow rate 
was used to change the intensity of the jump. Decreasing 
the flow rate decreased the intensity of the jump by 
lowering the velocity of the liquid carpet preceding the 
jump. Similarly, i n c r e a s i n g  the liquid velocity 
increased the intensity of the jump.
The final step of the procedure involved the 
positioning of the jump in the test section. Since the 
downstream pressure could be easily controlled, it was 
used to position the jump. Increasing the downstream 
pressure increased the pressure at the tail of the slug. 
This increase in pressure forced the slug upstream from 
its original position. The slug then attained a new
22
stationary position when the pressure f the tail
was balanced by the inertial force :he flow.
Similarly, decreasing the downstream p ve allowed
the slug to move downstream. Therefore, t hv stable slugs 
were positioned at any po i nt in the t c s t s e c t i o n b y 
adjusting the downstream pressure.
After t he slug was c rested and posit i o n e <1 , the r a t €* 
of entrainment of air was measured. This measurement was 
accomplished by a trial-and-error method in which the 
a er at ion  rate is initially guessed. This es tim at e is 
based on previous data and experience. An air rotameter 
was adjusted until it was metering the same amount of 
air as was estimated and this air was fed to the slug 
via an air tap. The subsequent position and movement of 
the slug determined whether or not the estimate was 
correct. If the slug moved upstream, the slug entrained 
more air than was supplied by the rotameter. If the slug 
moved downstream, the slug entrained less air than was 
supplied. In either case, a refinement of the initial 
guess was made and the procedure repeated. The slug 
remained stationary when the entrainment rate of the 
slug equaled the air rate fed to the slug.
The w a t e r  flow rate and the gate h eight 
measurements allow several other flow variables to be
determined. These Include:
23
1. Froude number based on inlet liquid 
velocity and height Fr^ - u l/(gye)
2. Froude number based on inlet liquid
velocity and pipe diameter Frp * U]/(gD) ^
3. Values of Q a/Qw
4 . Superficial gas and liquid velocities
High-speed photographs of the slug were taken after 
the procedure for slug formation was completed, except 
that aeration rates data were not measured. The air tap 
was open to the atmosphere and the jump was provided an 
ample supply of air. The first step in taking 
photographs involved the routine maintenance of the* 
camera. The interior of the camera was freed from any 
foreign matter, such as dirt and film chips. The drive 
assembly operates at very high rotational speed, and it 
is therefore necessary to lubricate the components. This 
lubrication was accomplished by spraying a special gear 
oil onto the drive assembly gears, through the housing 
orifice, with an ordinary atomizer. Witf the camera 
maintenance complete, the photographic variables must be 
set.
The first variable determined was the image width, 
i.e. how much of the slug was to be filmed. The image 
width was adjusted by either of two methods. The entire
camera and stand was moved backward or forward to
24
increase or decrease the image width, respectively. A 
change of camera lens also accomplished the same. At a 
set camera distance, a 35 mm lens produced a larger 
image width than a 50 mm lens.
The next variable set after the image width was 
chosen was the aiming of the lights. Illumination was 
provided by two 500 watt tungsten reflector spotlights, 
CE model DXR RSP-2. A white cardboard background, 2 8” by 
4 4”, was placed 5” behind the tube. The spotlights were 
mounted with pinch clamps on each front leg of the 
camera stan< The lights were aimed at the background 
behind the pipe at an angle of 45* to 60 4 from the 
horizontal to minimize glare. This angle depended on the 
distance from the camera stand to the test section. In 
this manner, the pipe's i l l u m i n a t i o n  came from 
reflectance of light off the background and not from 
direct illumination from the lights.
The next step in the camera preparation was the 
focusing of the lens. Lens focus was directly checked by 
inserting a piece of focusing film on the drive sprocket 
and aligning a hole in the sprocket wheel with the lens 
aperture. The image was observed through the eyepiece 
and the focusing ring was adjusted until the image was 
in sharp focus. A choice must be made, however, on what 
part of the pipe the lens was to be focused. Best 
results were found when the lens was focused on a point
25
at the center of the pipe. A tape measure was placed on 
top of the test section at the center of the pipe and 
served as this point to be focused on. The focusing film 
was removed after the lens was focused, and the next 
variable, the aperture opening, was set.
The aperture is a device that regulates the amount 
of light reaching the lens. The aperture opening is 
calibrated in f - number s . A f - number of 2, f2, meant that 
ail of the light reached the lens. One half of the 
available light reaches the lens on the next Increment 
of the scale, f2.8. For each following increment, the 
amount of light reaching the lens was decreased by a 
factor of two. Experience had shown that for close up 
shots, where the camera is less than 2.5 feet from the 
test section, a f-nunber of 5.6 was optimum. For shots 
further away a f-number of 4 was optimum to a distance 
of approximately 5 feet.
The last variable to be set was the camera speed. 
This speed was determined by the voltage supplied to the 
camera. A camera voltage of 100 volts was used for all 
photographs. This voltage corresponded to a film speed 
of approximately 4300 pictures per second. At this 
speed, a 100 foot spool of film required about 1.5 
seconds for exposure.
The film used to capture the slug was provided by 
the Eastman Kod#.k Company( Eastman 7250 High Speed
26
Ektachrome Video Hews Film). This color film was loaded 
in subdued light according to the following procedure: 
Place the film spool on the upper spindle with the film 
feeding from the bottom of the reel to the sprocket. 
Release the hold-down roller by pulling the hold-down 
roller knob outward and downward. Pull approximately 2 
feet of film from the supply spool for threading on the 
sprocket. Place the film end under the hold-down roller 
and around the left or front of the sprocket with 
emulsion side out. Seat the film on the teeth at both 
edges. Release the hold-down roller by moving the 
locking knob upward. Thread the end of the film in the 
take up spool, with the emulsion side toward the core of 
the spool. Place the take-up spool on the take-up 
spindle and remove any slack. Turn the spool several 
revolutions and observe the entire film path in the 
camera. Make sure the film rides in the sprocket easily. 
The camera is now set for high speed photography.
V. RESULTS AND DISCUSSION
It is very interesting to compare data acquired 
from the stationary slug with data acquired from a real 
1 u g in a pipeline. Thir sort of comparison insures that 
the information gained in studying a stationary slug is 
applicable to real slugs which occur in industry.
Figure 5.1 is a curve drawn from the data given in 
Table 2.1 regarding the necessary condition for the 
existence of slugs. Ruder compared this curve with data 
obtained from a 3.75 i..ch pipe and received very good 
results. A stable slug can exist to che right of the 
curve but cannot exist to the left or below the curve. 
Figure 5.2 is the same plot, but the data obtained from 
analysis of stationary slugs in a 2 inch pipe have been 
superimposed. The stationary slug data agree very well 
with the criterion set up by Ruder. This result confirms 
that the analysis of stationary slugs is applicable to 
moving slugs.
Kalinske and Robertson (1943) measured the aeration 
rate in a .49 foot inner diameter transparent pipe. They 
determined the aeration rate to be Independent of pipe 
inclination up to a slope of 30°. This result was also 
confirmed by Johnston (1987), who measured aeration 
rates in a .75 inch inner diameter pipe. Kalinske and 
Robertson formulated the following equation for the
27
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aeration rate (3)
Qa/Qw .0 0 6 6 (F ri- 1 )1 •*
where Qa i s the volumetric rate of entrainment , and 0W
is the* volume t r i c f i o w r at e o / w a tor. Th «* d .i t a i s
o o r r c* 1 a t c* d wit) ( K r j - 1 ) )> (; c a u s <- a 11 y <1 r a u 1 ii jump <' a ti n o )
o c c u r b e 1 o w F r ] <• q u a 1 t o 1 . Joh nst on cnrr ( 1 ,a tod h is da t a
a c c o r d i n g  to equ.it i on ( 6 )
Qa/Qw " . 002 3 ( Fr ! - 1 ) 1 • '* ( 6)
The data acquired by Kalinske arid Robertson showed very 
little scatter throughout the rang* investigated, Froude
numbers (Frj) from 1 to 30 Johnston's data only 
approached (6) at h'gher Froude numbers. At lower Froude 
numbers, Johnston's data deviated negatively from (6), 
and the lower the Froude number the greater the 
deviation. Equation (5) is plotted In Figure 3.3 along 
with some of Johnston's data, Johnston postulated the 
difference in the rate equation was due to a pipe 
diameter effect. Johnston's aeration rate was lower by a 
factor of 2.9, while his pipe diameter was smaller by a
factor of 8. Since 2.9 is approximately 8 • he believed 
the diameter difference was the cause of the aeration 
rate difference, this result was not confirmed in the
31
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analysis in the 2 inch pipe. The data for the 2 inch 
pipe are presented in Figure 5.4, along with equation 
(5). The 2 inch pipe data fit equation (7)
Qa/Qw " .OOSKFrx-l)1 (?)
at higher Froude numbers, but deviated from (5) at lower 
Fronde numbers. This deviation is less than the 
deviation of Johnston's data, as shown in Figure 5.5 
There appears to be a diameter effect, but the aeration 
rate is not dependent on the diameter to the .5 power, 
as Johnston suggested.
The difference between Johnston's data and the 7 
inch pipe data may be due to the existence of a tail in 
all the measurements in the 2 inch pipe. In J o h n s t o n’s 
.75 inch pipe a sloping tail did not always form. The 
existence of a tail permits the entrained air to be 
passed downstream in the gas phase. Without a tail, the 
bubbles accumulate at the top of the pipe and form 
larger bubbles, which are event.ua1 y passed downstream. 
Therefore, the entrained air remains in the slug for a 
longer time and perhaps inhibits the entrainment of more 
a i r .
A typical slug is shown in Figure 5.6 . The arrows 
in Figure 5.6 show the movement of bubbles in the head 
of the slug. The air-water interface preceding the slug
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FIGURE 3.6 TYPICAL SLUG
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is not smooth, it consists of many small amplitude 
waves. The head of the slug is characterized by a step 
in the air-water interface, not as the smooth interface 
given in Figure 2.1 . The water enters the jump at point
A in Figure 5.6 as a violent jet of fluid, penetrating 
into the slug. W i t h i n  this jet of fluid are many small 
bubbles. The air in the bubbles in much less dense than 
water. This density difference results in some of the 
bubbles curving upward toward the top of the pipe before 
penetrating deep into the slug. As the jet penetrates 
de e p e r  into the slug, its intensity diminishes. 
Throughout their journey into the slug, the bubbles may 
curve upward or flow downstream. As they flow farther 
into the slug, they begin to grow in size due to the 
coalescence of smaller bubbles. The bubbles reaching 
point B in Figure 5.6 follow one of three possible
directions. They can flow downstream and eventually be 
passed out the tail. They can also flow upward and reach 
point C in Figure 5.6 This point is called the
stagnation point. Here the bubbles remain stationary for 
an extended period of time. The third choice for the
bubble flow is back toward the head of the slug. This
flow is countercurrent to the bulk flow and is very 
interesting to note why this flow occurs.
This countercurrent flow results from the violent 
jet of fluid at the head of the slug. As the jet flows
37
past the fluid above it, it exerts a drag force on that 
fluid, and pulls the fluid along the jet's path. The 
fluid above the jet is displaced, and the surrounding 
fluid must flow opposite to the mean flow to fill the 
space occupied by the displaced fluid. A complicated 
circulating flow region results from this countercurrent 
flow. This region Is bounded by the head of the slug 
upstream and by the stagnation point downstream. Within 
this large circulating region, many smaller swirls 
exist. As stated above, many bubbles curve upward before 
reaching point E in Figure 5.6 The limit of their 
upward movement is the top of the pipe. Many bubbles are 
pulled back toward the front before reaching the top of 
the pipe. These bubbles can then be pulled down by the 
jet, and the many circulating flow patterns formed. 
Since most of the bubbles in the slug are recirculated 
from the head, to the stagnation point, and back to the 
h e a d , only a small portion of the bubbl s are passed 
do onstream.
Another interesting phenomenon occurring within the 
head of the slug Involves the bubble size. The bubbles 
grow in size as they travel into the slug. After being 
recirculated and pulled in by the jet, the bubbles are 
broken up into many small bubbles. Therefore, a typical 
pattern of bubble size would show larger bubbles near 
the top of the pipe and also downstream. The smaller
3 8
bubbles would be near the front of the slug and along 
the jet.
Not all of the recirculating bubbles stay in the 
liquid phase. Some of the bubbles reach the air-water 
interface at the front of the slug and travel down this 
interface. These bubbles can either be pulled down bv 
the jet or can burst and release the air within them 
back to the gas phase in front of the slug.
Therefore, the bubble movement in the head of the 
slug is characterized by several circulation patterns 
and swirling motion. Figure 5.7 is a series of pictures, 
taken wich a camera, of a high speed film which 
illustrate the phenomena discussed above. The Frcude 
number (Fr^) of the approaching flow is 2.82, and the 
value of Q a/Qw is .0058 for a h/D of .3 79 The time 
interval between successive pictures is approximately 
.007 seconds.
No mention of the aeration mechanism has been made 
until now because it is first important to understand 
the bubble movement and circulation patterns in the head 
of the slug. The aeration occurs at the head of the 
slug. The mechanism is be described as a tumbling of the 
interface, similar to crashing waves. This tumbling 
traps air pockets within the slug, from where the air is 
broken up into many small bubbles as the liquid above 
the air pocket tumbles over the pocket. Figure 5.8 shows
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FIGURE 5.7 (C O N 9T)
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a s <e r i e s o f p i c t u r e s  of the tumbl ing mechanism
descir ibed. The Froude number (Fri) of the approaching
flow is 2. 84, and the Qa/Qw *s .0048 for a h/D of .41 .
The time interv al between successive pic tures is about
.002 s e c o n d s . T<o distinguish between an air pocket and
w a t e r , 1. 6 erams of Fluorc>ac«ln dye (Aldrich) was
dissolved in 73 . 5 gallons of w a t e r . The air pocket in
the photographs is the white region that is surrounded
by the dyed water.
This tumbling of the interface can occur at any 
position along the interface, although the tumbling 
occurs most often at the front of the slug. The tumbling
can also occur simultaneously at more than one place on
the interface. At the front of the slug the liquid In
the interface rotates counterclockwise and air is
entrained between this region and the jet below it. This 
entrainment is not constant over time. The amount of air 
the slug entrains varies about the average value. This 
result was confirmed during the measurement of the 
aeration rate. The rotameter reading fluctuated about 
the mean. This result was also confirmed in the high 
speed films. The bubbles that were passed downstream 
o c c u r r e d  in bunches, not as a c o n s t a n t  amount 
continually over time. Therefore, the position on the 
interface where the tumbling occurs changes with time 
and the amount of air entrained.
4 8
A series of pictures of the tail region of a slug 
are given in Figure 5.9 with a time interval of .014 
seconds. The Froude number (Fr^) is 6.48 and Qa/Qw *s 
.0269 for a h/D of .242 These pictures and the films 
show a definite pattern for the escape of air from the 
slug through the tail. A large majority of bubbles that 
reach the tail region are at the top of the pipe, where 
as more bubbles coalesce a large air pocket forms. At 
this time, the tail shape is the same as given in Figure 
2.1 As the air pocket grows and moves closer to the 
Interface, the Interface begins to deform. When the air 
pocket is sufficiently close to the Interface, the 
interface is broken, releasing the air in the pocket, 
and a new interface is formed. This highly distorted 
interface has a much more gradual slope as shown in 
Figure 5.10 This interface exist only temporarily. 
Soon after its formation, it is replaced by the physical 
model interface, and the process of air pocket formation 
and interface breaking is repeated.
A small portion of the air bubbles leave the slug 
at an Intermediate point along the interface, not at the 
top. These bubbles penetrate through the Interface and 
collapse, releasing the air within them. Even a fewer 
number of bubbles are passed downstream, past the tail. 
These bubbles are usually very small and eventually 
penetrate the air-water Interface and break.
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O AIR BUBBLE
FIGURE 5.10 INSTANTANEOUSLY 
DISTORTED TAIL
VI. C O N C L U S I O N S
From the study of stationary slugs in a 2.0625 inch 
pipe, the following conclusions can be drawn:
1. The analysis of stationary slugs in a pipe 
is applicable to moving slugs in pipelines.
2. The ratio of the volumetric aeration rate 
to the volumetric flow of water is 
dependent on (Fr^ *1) to the 1.4 power.
3. The aeration rate seems to be dependent on 
the pipe diameter at low Froude numbers,
Fri between 1 and 4.
4. Many circulating patterns exist in the head 
of the slug, and it is these patterns that 
lead to the tumbling of the air-water 
interface. This tumbling is what entrains 
the air into the slug.
5. Most o' the entrained air leaves the tall 
of che slug through a process in which the 
tail shape is instantaneously distorted.
6. The slsa of the bubbles in the slug Is 
dependent on their position relative to the 
head of the slug. Further from the head the 
average bubble is larger than the bubbles 
near the Head, especially near the jet. The
$4
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bubble size is also dependent on the 
intensity of the jump. A strong jump will 
produce s«nall bubbles.
7. The aeration rate is not constant. The
amount of air the jump entrains fluctuates 
about an average value, for a given Froude
n u m b e r .
VII. R E C O M M E N D A T I O N S
The following recommendations become apparent from 
the work on stationary slugs:
1. The effect of varying fluid properties on 
the aeration rate, the two interfaces, and 
the bubble size and motion should be 
investigated. Specifically, the fluid's 
viscosity, density, and surface tension 
should be varied to determine how the
slug is dependent on these properties.
2. The dependence of the aeration rate on the 
pipe diameter at low Froude numbers should 
be further investigated. More data should 
be taken to define this region better.
3. The head of the slug is excessively frothy 
at high Froude numbers. Probes to determine 
the void fraction should be Installed at 
several points in the test section and this 
data should be carefully analyzed to 
determine the void fraction as • function 
of position and intensity of the jump.
VIII. N O M E N C L A T U R E
A 1
D
f
Fr i
FrD
g
h
PD
Qa
Qw
U 1
y«
cross-sectional area of liquid layer 
diameter of pipe 
aperture opening of lens
Froude number based on effective height 
of the liquid layer
Froude number based on pipe diameter 
gravitational constant 
liquid carpet height 
downstream pressure 
volumetric flow rate of air 
volumetric flow rate of water 
average velocity of liquid carpet 
effective height of liquid carpet
Greek letters
r h o ) d e n s i t y  of water
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APPENDIX A. AERATION DATA
Film # h/D Q(vater) Froude # 
(ft*3/a) u/(gye)*.5
Froude # 
u/(gD)\5
Q(air)
xl0A3
(ftA3/s)
Qa/Qw
xl0A3
1-3 0.485 0.045 2.814 1.729
2-3 0.485 0.045 2.814 1.729
3-3 0.258 0.026 5.489 2.349
4-3 0.249 0.019 4.180 1.756
1-4 0.254 0.027 5.821 2.470
2-4 0.485 0.035 2.194 1.348
3-4 0.167 0.022 10.841 3.685
2-5 0.379 0.028 2.823 1.497 0.165 5.814
3-5 0.242 0.027 6.479 2.683 0.736 26.852
4-5 0.242 0.027 6.479 2.683 0.736 26.852
1-6 0.318 0.030 4.215 2.025 0.530 17.521
3-6 0.318 0.030 4.215 2.025 0.530 17.521
2-7 0.470 0.037 2.434 1.467
3-7 0.333 0.028 3.620 1.785
1-9 0.333 0.030 3.853 1.900 0.377 12.459
2-9 0.333 0.030 3.853 1.900 0.377 12.459
1-10 0.409 0.033 2.841 1,575 0,159 4.806
2-10 0.409 0.033 2.841 1.575 0.159 4.806
3-10 0.258 0.035 7.445 3.186 2.619 73.924
4-10 0.258 0.028 5.856 2.506 2.619 93.972
5-10 0.333 0.028 3.552 1.751
1-11 0.515 0.038 2.108 1.347
2-11 0.606 0.048 1.940 1.385 0.050 1.045
3-11 0.606 0.048 1.940 1.385 0.050 1.045
4-11 0.333 0.033 4.173 2.057 0.486 14.828
5-11 0.333 0.033 4.173 2.057 0.486 14.828
1-12 0.439 0.031 2.300 1.331
2-12 0.439 0.034 2.512 1.454
3-12 0.439 0.035 2.654 1.535
4-12 0.371 0.031 3.179 1.666
5-12 0.288 0.034 5.837 2.653
0 2 Si 0.046 9.651 4.130 4.767 103.798
0.2*8 0.052 10.990 4.703 7.063 135.038
0.318 0.031 4.281 2.057 0.559 18.210
0.318 0.034 4.808 2.310 0.883 25.601
0.318 0.039 5.467 2.626 1.519 38.729
0.318 0.042 5.922 2.845 2.060 48.503
0.318 0.046 6.439 3.093 2.413 52.256
0.318 0.050 6.980 3.353 3.473 69.361
0.242 0.052 12.309 5.098 6.592 126.640
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